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ABSTRACT Epstein-Barr virus (EBV) expresses several mRNAs produced from intron-
less genes that could potentially be unfavorably translated compared to cellular
spliced mRNAs. To overcome this situation, the virus encodes an RNA-binding pro-
tein (RBP) called EB2, which was previously found to both facilitate the export of nu-
clear mRNAs and increase their translational yield. Here, we show that EB2 binds
both nuclear and cytoplasmic cap-binding complexes (CBC and eukaryotic initiation
factor 4F [eIF4F], respectively) as well as the poly(A)-binding protein (PABP) to en-
hance translation initiation of a given messenger ribonucleoparticle (mRNP). Interest-
ingly, such an effect can be obtained only if EB2 is initially bound to the native
mRNPs in the nucleus. We also demonstrate that the EB2-eIF4F-PABP association
renders translation of these mRNPs less sensitive to translation initiation inhibitors.
Taken together, our data suggest that EB2 binds and stabilizes cap-binding com-
plexes in order to increase mRNP translation and furthermore demonstrate the im-
portance of the mRNP assembly process in the nucleus to promote protein synthesis
in the cytoplasm.

IMPORTANCE Most herpesvirus early and late genes are devoid of introns. However,
it is now well documented that mRNA splicing facilitates recruitment on the mRNAs
of cellular factors involved in nuclear mRNA export and translation efficiency. To
overcome the absence of splicing of herpesvirus mRNAs, a viral protein, EB2 in the
case of Epstein-Barr virus, is produced to facilitate the cytoplasmic accumulation of
viral mRNAs. Although we previously showed that EB2 also specifically enhances
translation of its target mRNAs, the mechanism was unknown. Here, we show that
EB2 first is recruited to the mRNA cap structure in the nucleus and then interacts
with the proteins eIF4G and PABP to enhance the initiation step of translation.
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Epstein-Barr virus (EBV) is a ubiquitous human gammaherpesvirus that is the caus-
ative agent of infectious mononucleosis. It has been associated with the develop-

ment of B-cell and epithelial malignancies such as Burkitt’s lymphoma, Hodgkin’s
disease, undifferentiated nasopharyngeal carcinoma, a subtype of gastric carcinoma,
and posttransplant lymphoproliferative disorders (1). After primary infection, EBV per-
sists in a lifelong latent state in the memory B lymphocytes of infected individuals, with
intermittent viral production from differentiated oropharyngeal epithelial cells, B-cell

Received 3 November 2017 Accepted 6
November 2017

Accepted manuscript posted online 15
November 2017

Citation Mure F, Panthu B, Zanella-Cléon I,
Delolme F, Manet E, Ohlmann T, Gruffat H.
2018. Epstein-Barr virus protein EB2
stimulates translation initiation of mRNAs
through direct interactions with both
poly(A)-binding protein and eukaryotic
initiation factor 4G. J Virol 92:e01917-17.
https://doi.org/10.1128/JVI.01917-17.

Editor Rozanne M. Sandri-Goldin, University of
California, Irvine

Copyright © 2018 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Henri Gruffat,
henri.gruffat@ens-lyon.fr.

GENOME REPLICATION AND REGULATION
OF VIRAL GENE EXPRESSION

crossm

February 2018 Volume 92 Issue 3 e01917-17 jvi.asm.org 1Journal of Virology

https://doi.org/10.1128/JVI.01917-17
https://doi.org/10.1128/ASMCopyrightv2
mailto:henri.gruffat@ens-lyon.fr
http://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01917-17&domain=pdf&date_stamp=2017-11-15
http://jvi.asm.org


receptor-activated B cells, and plasma cells (2–5). These phases of viral reactivation are
considered to be a risk factor for the emergence of EBV-associated malignancies (6).

In contrast with higher eukaryote genes, most herpesviruses early and late genes are
intronless. Since splicing plays a very important role in mRNA export and translation (7,
8), efficient expression of intronless herpesvirus genes requires that a specific mecha-
nism is used for their mRNA export and translation. In the case of EBV, nuclear export
of intronless viral mRNAs is facilitated by the essential virus-encoded RNA-binding
protein (RBP) EB2, also called SM, Mta, or BMLF1 (9–12). EB2 shuttles between the
nucleus and the cytoplasm (13) and directly interacts with both the export factor NXF1
and the export adapter Aly/REF (13, 14) to promote the nuclear export of intronless viral
mRNAs (15–18).

Every human herpesvirus expresses an EB2 homolog: ICP27 for herpes simplex virus
1 (HSV-1), ORF57 for Kaposi’s sarcoma-associated herpesvirus (KSHV), and UL69 for
human cytomegalovirus (HCMV). All members of this family of regulatory proteins share
an ability to bind RNA and have been implicated in various aspects of RNA processing,
including mRNA stabilization, splicing regulation, polyadenylation, and export (19–21).
However, their functions are not interchangeable (11, 19). Some of these proteins may
also play a role in viral gene transcriptional activation (22, 23). In addition, these
proteins also have important functions in mRNA translation. However, they appear to
use different mechanisms. ORF57 from KSHV is able to enhance the translation of an
intronless KSHV mRNA by recruiting the cellular factor PYM. PYM’s depletion results
in a marked reduction of ORF57’s association with components of the translational
machinery (24). Those authors thus proposed a model suggesting that the ORF57-PYM
complex makes a bridge between the 40S ribosomal subunit and initiation factors.
UL69 from HCMV stimulates viral mRNA translation through its interactions with the
translation initiation factor eukaryotic initiation factor 4A (eIF4A) and the poly(A)-
binding protein (PABP) (25). Several studies have shown that ICP27 from HSV-1 also
enhances translation of unspliced viral mRNAs (26, 27), and a recent report showed that
ICP27 targets PABP and eIF4G to promote translation initiation (28). Regarding EB2 from
EBV, it has been previously demonstrated that besides its role as a nuclear export factor, it
also strongly stimulates translation of unspliced mRNAs without affecting overall cellular
translation (29). Moreover, EB2 associates with translating ribosomes and increases the
proportion of its target RNAs in the polyribosomal fraction (29). However, whether EB2
enhances intronless mRNA translation through mechanisms similar to those used by the
ORF57, UL69, or ICP27 protein remained completely unknown.

In eukaryotic cells, mRNAs interact with numerous RNA-binding proteins (RBPs).
Together, the RNA and its associated RBPs form messenger ribonucleoparticles (mRNPs)
(30, 31). The composition of mRNPs is highly dynamic, and understanding how the RBPs
influence each step of mRNA biogenesis is an important question. The first RBP loaded
onto the mRNA during transcription is the cap-binding complex (CBC). This complex
is very important for the subsequent recruitment of other complexes, such as the
spliceosome (32, 33), the transcription/export (TREX) complex (34), or the RNA decay
machinery (35). In addition, after maturation of the mRNA, CBC translocates to the
cytoplasm in association with the mRNP and localizes to the polysomes, where it
supports the first round of translation (36–38). During this step, there is an extensive
remodeling of mRNP’s composition, starting with the replacement of CBC by the eIF4E
cap-binding protein (38, 39).

Translation initiation is the most highly regulated phase of the translation cycle (40,
41). Most eukaryotic mRNAs are tagged by the cap structure and a poly(A) tail at their
5= and 3= ends, respectively. The assembly of the translation machinery requires at least
11 eukaryotic initiation factors (eIFs) and is enhanced by the cytoplasmic poly(A)-
binding protein (PABPC1 or PABP). In the cytoplasm, PABP binds to the mRNA 3=
poly(A) tails through its RNA recognition motifs (RRMs) and interacts with the N
terminus of the eIF4G protein. The interaction of PABP with both the mRNA and eIF4G
causes the mRNA to form a closed-loop intermediate, thereby stabilizing the mRNA and
promoting ribosome recruitment and translation initiation (42, 43). The eIF4F complex
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composed of eIF4E (a small cap-binding protein), eIF4A (a DEAD box RNA helicase), and
the central factor eIF4G (a large scaffold protein) anchors the 43S preinitiation complex
(consisting of eIF3, eIF1, eIF1A, eIF2-GTP-tRNAiMet, eIF5, and the 40S subunit of the
ribosome) to the 5= end of the mRNA through the interaction between eIF3 and eIF4G.
Once assembled at the cap, the helicase activity of the eIF4F complex unwinds
secondary structures in the 5= untranslated region (5=UTR) to facilitate ribosomal
scanning until it encounters an AUG start codon. At this point, the preinitiation complex
is joined by the 60S ribosomal subunit, and translation elongation of the mRNA begins
(44, 45).

Several observations suggest that mRNA splicing enhances translation due to the
deposition in the nucleus of the exon junction complex (EJC) on the mRNA (46–50). As
discussed above, most early and late herpesvirus genes are intronless, and the trans-
lation of their mRNAs is enhanced by a specific viral factor such as the EB2 protein from
EBV (29). However, how EB2 contributes to the translation of mRNAs transcribed from
intronless genes has been unknown. Here, we demonstrate that EB2 associates with
both the nuclear cap-binding complex (CBC) and the cytoplasmic eIF4F-PABP complex.
EB2 interacts with both PABP and the N-terminal part of eIF4G, via its C-terminal region.
The resulting complex loaded onto the 5= cap structure of the mRNA promotes
translation initiation. Moreover, by using a recently published in vitro translation
method that we have developed (51), we show that EB2 needs to be associated with
its target mRNPs in the nucleus to stimulate their translation in the cytoplasm and that
EB2-associated mRNPs are resistant to translation initiation inhibitors. Importantly, this
work provides the first mechanistic model explaining how EB2 ensures the efficient
translation of intronless mRNAs.

RESULTS
EB2 is associated with both nuclear and cytoplasmic CBCs. We have previously

shown that EB2 can stimulate nuclear export and translation of viral mRNAs produced
from intronless genes (13, 18, 29). To understand how EB2 can stimulate translation, a
Flag-tagged EB2 protein (Flag-EB2) was purified, by two sequential immunoprecipita-
tions in the presence of RNase, from an EBV-infected cell line (HEK293BMLF1-KO cells) (11)
transfected with a Flag-EB2 expression plasmid following induction of the viral pro-
ductive cycle via ectopic expression of the viral transcription factor EB1. EB2 cellular
partners were then identified by mass spectrometry (MS). MS data analysis identified
numerous EB2 cellular partners, many of which are involved in RNA metabolism (Table
1). Some of the proteins identified were already known to interact with EB2, such as the
splicing factors SRSF2, SRSF3, and SRSF7 (18, 52) and the RBM15 protein (53). Interest-
ingly, among the newly identified proteins was the cytoplasmic poly(A)-binding protein
PABPC1 (referred to as PABP in this study) (Table 1). As the purification was performed
in the presence of RNase, this suggests that the interaction is not mediated by RNA.
Since PABP is known to play an essential role in translation due to its association with
the eIF4F cap-binding complex (CBC), the interaction of EB2 with this protein suggests
that EB2 could be an active component of the translation initiation machinery.

To validate this hypothesis, S7 nuclease-treated cytoplasmic extracts from HeLa cells
previously transfected with a Flag-tagged EB2 expression vector were passed through
an m7GTP Sepharose affinity matrix, and after extensive washes, proteins bound to the
matrix were eluted and analyzed by Western blotting. Interestingly, Flag-EB2 was
retained on the m7GTP Sepharose affinity matrix together with the eIF4F components
eIF4E and eIF4G (Fig. 1A). The interaction between Flag-EB2 and the m7GTP matrix was
likely to be mediated by eIF4F, since preincubation of the cell extract with the
m7GpppG cap analog to titrate eIF4E also titrated EB2 (Fig. 1A, lane 6). To completely
exclude the possibility that EB2 directly binds to m7GTP, the protein was purified from
a bacterial extract and incubated with an m7GTP Sepharose affinity matrix. The amount
of EB2 retained on the m7GTP was then analyzed by Western blotting. The results show
that all the protein charged on the m7GTP Sepharose affinity matrix was recovered in
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the flowthrough, confirming that there is no direct interaction between EB2 and m7GTP
(Fig. 1A, bottom panel).

The interaction between EB2 and several translation initiation factors, including the
eIF4F components eIF4E and eIF4G, was then tested by coimmunoprecipitation assays
using HeLa cells expressing Flag-tagged EB2 (Fig. 1B). As expected from the MS analysis
of EB2-associated proteins, PABP interacted with EB2. Similarly, eIF4G interacted with
EB2, but none of the other initiation factors (eIF2, eIF3, eIF4A, eIF4B, or eIF4E) or the
ribosomal proteins (rpS6 for the 40S subunit and rpL11 for the 60S subunit) were found
to be associated with EB2. Although RNase treatment slightly decreased the amount of
proteins coimmunoprecipitated with Flag-EB2, these interactions appear to be mostly
resistant to RNase treatment, showing that they are not mediated by RNA. Quantitation
of the bands in the gel shows that after RNase A treatment, 66% of the PABP- and 57%
of the eIF4G-interacting complexes are resistant to the treatment. This shows that
although RNase treatment can destabilize some of the EB2-PABP or EB2-eIF4G com-
plexes, most of the interaction is preserved. The RNase used in this experiment was
efficient, since the interaction between EB2 and NXF1, previously shown to be RNA
dependent (14), was clearly sensitive to RNase treatment. Quantitation of the bands in
the gel shows that after RNase A treatment, 17% of the NXF1-EB2 complex is still visible
(in accordance with our previous published results). These results suggest that EB2
interacts with the PABP and eIF4G components of the cytoplasmic cap-binding com-
plex.

Whether EB2 could also interact with the nuclear cap-binding complex (CBC) is of
interest since EB2 is mostly a nuclear protein with important functions in pre-mRNA
splicing and mRNA export (13). This was tested by coimmunoprecipitation experiments
using HeLa cells expressing Flag-tagged EB2. As shown in Fig. 1C, endogenous CBP80
was efficiently coimmunoprecipitated with EB2, and again, this interaction was resistant
to RNase treatment. Taken together, these results indicate that EB2 can associate with
both the nuclear and cytoplasmic cap-binding complexes (CBC and eIF4F, respectively).

The C-terminal domain of the EB2 protein interacts in vitro with the translation
initiation factors eIF4G and PABP. EB2 has been previously found to be associated

TABLE 1 Cellular proteins interacting with EB2a

Category and UniProt
accession no. Protein Description Coverage (%) Reference

RNA metabolism
Q0VCY7 SRSF1 Serine/arginine-rich splicing factor 1 17.34 18
Q3SZR8 SRSF3 Serine/arginine-rich splicing factor 3 23.17 18
Q3TWW8 SRSF6 Serine/arginine-rich splicing factor 6 9.14
Q99020 hnRNPA/B Heterogeneous nuclear ribonucleoprotein A/B 12.98
P52597 hnRNPF Heterogeneous nuclear ribonucleoprotein F 18.31
P31943 hnRNPH Heterogeneous nuclear ribonucleoprotein H 43.43
P02057 hnRNPK Heterogeneous nuclear ribonucleoprotein K 25.29
P52272 hnRNPM Heterogeneous nuclear ribonucleoprotein M 8.77
Q00839 hnRNPU Heterogeneous nuclear ribonucleoprotein U 21.09
Q4R7L5 DDX1 ATP-dependent RNA helicase DDX1 10.41
O00571 DDX3X ATP-dependent RNA helicase DDX3X 32.78
P17844 DDX5 Probable ATP-dependent RNA helicase DDX5 22.31
Q501J6 DDX17 Probable ATP-dependent RNA helicase DDX17 24.15
O75533 SF3B1 Splicing factor 3B subunit 1 3.74
Q13435 SF3B2 Splicing factor 3B subunit 2 2.68
A1A4K8 U2AF35 Splicing factor U2AF 35-kDa subunit 29.11
Q96T37 RBM15 Putative RNA-binding protein 15 3.99 53
P29341 PABPC1 Polyadenylate-binding protein 1 11.64

Other
P08775 RBP1 DNA-directed RNA polymerase II subunit RPB1 24.20
Q8TAQ2 SMARCC2 SWI/SNF complex subunit SMARCC2 18.4
P35658 Nup214 Nuclear pore complex protein Nup214 1.67

aCoimmunoprecipitation experiments were conducted with Flag-EB2 expressed in HEK293BMLF1-KO cells. After a first immunoprecipitation using an anti-Flag antibody
resin, all samples were treated with RNase A. They were then subjected to a second immunoprecipitation using a specific antibody against EB2. Protein complexes
recovered after this second immunoprecipitation were analyzed by MS.
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with cellular polysomes and to enhance the translation of intronless mRNAs (29). The
association of EB2 with the cap-binding complexes suggests that these interactions
could play an important role in EB2-dependent stimulation of mRNA translation. To
confirm that EB2 interacts directly with both PABP and eIF4G and to identify the
domain of EB2 involved in these interactions, we performed in vitro binding assays
using either glutathione S-transferase (GST)–EB2 or truncated GST-EB2 fusion proteins
produced in bacteria (Fig. 2A), together with [35S]methionine-labeled PABP or eIF4G,
produced in vitro in a coupled transcription-translation rabbit reticulocyte system.

In a first series of experiments, 35S-labeled eIF4GNter or eIF4Gp100 (Fig. 2B) was
incubated with the GST, GST-EB2, GST-EB2Nter, or GST-EB2Cter protein bound to
glutathione-Sepharose beads, with or without RNase treatment. As shown in Fig. 2B,
eIF4GNter interacted with GST-EB2 and GST-EB2Cter but not with GST or GST-EB2Nter,
while eIF4Gp100 did not significantly bind any of these proteins. RNase treatment did
not change the interaction between EB2 and eIF4GNter, demonstrating that the
interaction was not dependent on RNA. From these results, we conclude that the main
domains involved in the interaction between EB2 and eIF4G are located in the
C-terminal half of EB2 and the N-terminal part of eIF4G, respectively.

In a second series of experiments, 35S-labeled PABP or eIF4E was incubated with the
GST-EB2 series of proteins bound to glutathione-Sepharose beads (Fig. 2B). Comple-
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m7GpppG cap analog (lanes 3 to 6), and proteins retained on the column were analyzed by Western blotting. Input
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same Western blot but were cropped for simplicity. Bottom, EB2 protein purified from bacteria was incubated with
an m7GTP cap affinity matrix, and proteins bound to the column (lane 4) or from the flowthrough (lane 6) were
analyzed by Western blotting. (B and C) HeLa total cell extracts expressing Flag-tagged EB2 were subjected to
immunoprecipitation (IP) using an anti-Flag M2 affinity gel in the absence (lanes 3 and 4) or presence (lanes 5 and
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1/10 of cell extracts.
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mentary experiments using a GST-PABP fusion protein produced in bacteria and in
vitro-translated 35S-labeled EB2, EB2Nter, or EB2Cter were also performed (Fig. 2C).
Interestingly, as was the case in our coimmunoprecipitation assays, eIF4E did not
interact in vitro with the GST-EB2 proteins in the pulldown assays (Fig. 2B), whereas
PABP interacted with both EB2 and EB2Cter, but not EB2Nter, in an RNase-resistant
manner. This result argues strongly in favor of a direct EB2 interaction with both eIF4G
and PABP.

Taken together, our data suggest that by directly interacting with eIF4G on one
hand and PABP on the other, EB2 could stabilize the PABP-eIF4F complex, thereby
promoting more efficient translation initiation.

EB2 stimulates in vitro translation of its associated mRNPs. We have shown
previously that EB2 stimulates translation of reporter genes driven by different heter-
ologous promoters (26). To definitively prove that the effect of EB2 on translation is not
dependent on regulatory sequences present in the promoter used, the Renilla luciferase
(Luc) reporter gene was cloned under the control of two different viral promoters: the
promoter of the BMRF1 early gene (pBMRF1), an EBV gene which is not affected by EB2,
and the promoter of the BDLF1 late gene (pBDLF1), an EBV gene which is highly
dependent on EB2 for its cytoplasmic RNA accumulation and translation (15, 29) (Fig.
3A). First, cytoplasmic mRNA was extracted from HEK293BMLF1-KO cells transfected with
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FIG 3 Stimulation of mRNA translation is independent of the promoter used to control the expression of the reporter mRNA. (A) Schematic representation of
the reporter constructs used. The reporter plasmids carry the Renilla luciferase-coding sequence preceded by the �-globin 5=UTR (glo-RLuc) under the control
of the viral BMRF1 or BDLF1 promoter. (B) Quantification by RT-qPCR of the amount of cytoplasmic endogenous BMRF1 and BDLF1 mRNA expressed in
HEK293BMLF1-KO cells transfected with an EB1 expression vector together with different amounts of an EB2 expression vector. The Western blot shows the
expression of the EB1 and EB2 proteins after transfection of the corresponding expression vectors in HEK293BMLF1-KO cells. Expression of the endogenous BMRF1
protein is also shown. (C and D) Panels a, mRNA quantification by RT-qPCR of the cytoplasmic luciferase-encoding mRNA expressed from the pBMRF1-RLuc (C)
and pBDLF1-RLuc (D) reporter plasmids (using GAPDH as an internal control); panels b, total luciferase activity measured at 24 h posttransfection; panels c,
translational efficiency calculated by normalizing the total luciferase activity by reference to the amount of cytoplasmic luciferase mRNA. The results are
expressed as mean � standard deviation (SD) from three independent experiments (n � 3). *, P � 0.05; **, P � 0.01 (two-tailed paired t test).
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an EB1 expression vector together with various quantities of an EB2 expression vector,
and the relative amounts of BMRF1 or BDLF1 mRNA were quantified by reverse
transcription-quantitative PCR (RT-qPCR). As expected, the amounts of endogenous
cytoplasmic BMRF1 mRNA and protein were not affected by EB2 (Fig. 3B), whereas the
amount of endogenous cytoplasmic BDLF1 mRNA was dependent on the amount of
EB2 expressed (Fig. 3B). Unfortunately, as we have already published, it is very difficult,
if even possible, to detect the expression of endogenous EB2-dependent proteins in the
absence of EB2 (15). These results confirm that EB2 has no impact on the expression or
cytoplasmic accumulation of BMRF1 mRNA, whereas it increases the level of BDLF1
mRNA accumulated in the cytoplasm. In contrast, when cells were cotransfected with
the pBMRF1-Luciferase or pBDLF1-Luciferase reporter plasmid, we observed that the
cytoplasmic accumulation of Renilla luciferase mRNA (Fig. 3C and D, panels a) and, as
a consequence, the luciferase activity (Fig. 3C and D, panels b) were both enhanced by
EB2, independently of the promoter used to direct transcription of the reporter gene.
Next, the relative luciferase activity was compared with the amount of luciferase mRNA
expressed in the cytoplasm of the cells in order to evaluate translation efficiency (Fig.
3C and D, panels c). It is clear that in both cases, EB2 stimulates translation of the
luciferase mRNA, regardless of the promoter used to drive luciferase expression. Taken
together, these results demonstrate that the effect of EB2 on the level of protein
expressed is not dependent on the promoter controlling the expression of the gene.

In order to gain insights into the molecular mechanisms by which EB2 promotes
translation, we used a modified in vitro translation system, called the hybrid system,
which utilizes rabbit reticulocyte lysate (RRL) deprived of endogenous ribosomes but
complemented with a riboproteome isolated from heterogeneous cells (Fig. 4A) (51).
We recently demonstrated that this hybrid system allows in vitro translation of purified
mRNPs and that translation efficiency is sensitive to mRNA splicing and the mRNP
composition (50). Since EB2 protein pellets predominantly with the ribosomal fraction
(Fig. 4B), we took advantage of this new protocol to use EB2-containing riboproteomes
and challenge our hypothesis in vitro. Briefly, HeLa cells were first transfected with the
glo-RLuc reporter plasmid, together or not with an EB2 expression vector (Fig. 4A).
Since the amount of Luc mRNA is known to be strongly increased in the presence of
EB2, we used conditions under which similar cytoplasmic mRNA concentrations of Luc
mRNA were accumulated in cells. These conditions were obtained when cells express-
ing EB2 were transfected with 0.5 �g of the glo-RLuc reporter plasmid and when cells
not expressing EB2 were transfected with 6 �g of the reporter (Fig. 4C). Based on these
conditions, mRNA expressed from HeLa cells previously transfected with the glo-RLuc
reporter plasmid was purified and then added to the in vitro hybrid system reconsti-
tuted with a HeLa cell riboproteome containing EB2 (RH-EB2) or not (RH). The results
clearly show that the mRNA purified from HeLa cells (or, as a control, in vitro-transcribed
glo-RLuc mRNA) is translated with similar efficiency in both lysates (Fig. 4D).

This result suggests that EB2 may stimulate translation only if it is incorporated
within mRNPs. To test this hypothesis, the in vitro hybrid system was reconstituted with
similar amounts of luciferase mRNPs associated with ribosomes purified from HeLa cells
expressing EB2 or not. It is clear that luciferase mRNPs purified from cells expressing
EB2 (RH-EB2) are more efficiently translated than luciferase mRNPs purified from cells
which do not express EB2 (RH) (Fig. 4E).

Taken together, these data show that EB2 stimulates translation only when it is
associated with mRNPs. By virtue of its association with the CBC, the loading of EB2
onto the mRNPs probably takes place in the cell nucleus.

EB2-associated mRNPs are refractory to translation initiation inhibitors. Our
data strongly suggest that EB2 enhances translation of its target mRNAs by acting at
the initiation step. In order to confirm this hypothesis, different translation initiation
inhibitors were added to the hybrid system. We used either the m7GpppG cap analog,
which titrates the initiation factor eIF4E, the drug hippuristanol, which inactivates the
DEAD box RNA helicase eIF4A (54, 55), or the L protease from foot-and-mouth disease
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virus (FMDV), which cleaves the eIF4G initiation factor (56). All are strong inhibitors of
cap-dependent, but not internal ribosome entry site (IRES)-driven, translation initiation.
We also used two translation elongation inhibitors: puromycin, which induces ribosome
dislocation from the mRNPs, and cycloheximide, which binds to the ribosome and
inhibits its translocation.

In vitro translation of mRNAs purified from HeLa cells expressing a capped and
polyadenylated Renilla luciferase reporter (glo-RLuc) was performed (Fig. 5A). In addi-
tion, we included two control mRNAs containing an IRES to monitor the specificity of
the translation initiation inhibitors (Fig. 5A). One control mRNA (EMCV-RLuc), which is
driven by the encephalomyocarditis virus (EMCV) IRES, is uncapped but polyadenylated
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FIG 4 The RNA-binding protein EB2 stimulates translation of its associated mRNPs in a hybrid system. (A) Schematic representation of the
reporter constructs used and the protocol followed. The reporter plasmid carries the Renilla luciferase gene driven by the �-globin 5=UTR
(glo-RLuc) under the control of the CMV promoter. HeLa cells were initially transfected or not by the reporter plasmid. The cellular
ribosomal fraction was then pelleted by ultracentrifugation at 36 h posttransfection. Part of the ribosomal fraction purified from HeLa cells
that had been mock transfected (RH) or transfected with an EB2 expression plasmid (RH-EB2) was transferred to the supernatant of rabbit
reticulocyte lysate (RRL) that had been depleted of its ribosomes to generate the in vitro translation hybrid system (51). The other part
of the ribosomal fraction was used to extract total mRNA that was quantified by RT-qPCR. This purified naked mRNA fraction (containing
the glo-RLuc mRNA) was transferred to the hybrid system, which was supplemented with cellular ribosomes RH or RH-EB2. The mRNP
(glo-RLuc mRNP) containing the ribosome fraction was used to directly supplement the RRL depleted of its ribosomes. For both mRNP
and mRNA, translation was then carried out for 30 min at 30°C before determination of Renilla activity. (B) EB2 detection by Western
blotting using either the HeLa total cytoplasmic fraction (S10) or the ribosomal fraction (RH) or supernatant (S100), both obtained after
ultracentrifugation of HeLa S10 through a sucrose cushion. (C) Different amounts (0.5 or 6 �g per 107 cells) of the glo-RLuc plasmid were
transfected in HeLa cells in the absence or presence of EB2. At 36 h after transfection, cytoplasmic mRNA was purified and quantified by
RT-qPCR. (D) In vitro-transcribed or cytoplasmic mRNA purified from HeLa cells transfected with the glo-RLuc plasmid was translated in
the hybrid system containing a HeLa ribosomal fraction either in the absence (RH) or in the presence (RH-EB2) of EB2. (E) Ribosomal pellets
containing mRNPs obtained from 6 �g of glo-RLuc or 0.5 �g of glo-RLuc plus EB2 were collected and translated directly in the hybrid
system. For panels C to E, results are presented as mean � SD from three independent experiments (n � 3). **, P � 0.01 (two-tailed paired
t test).
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and can initiate translation independently of eIF4E. The other mRNA (HCV-RLuc), which
contains the hepatitis C virus (HCV) IRES, is uncapped and nonpolyadenylated and can
initiate translation without any members of the eIF4F complex.

Under the experimental conditions used, which were identical to those described
above, translation of the mRNA glo-RLuc reporter was strongly inhibited by a high
concentration of cap analog m7GpppG, whereas this treatment had no effect on the
control EMCV-RLuc or HCV-RLuc mRNA, as can be expected for cap-independent
translation targets (Fig. 5B, panel a). No difference was observed for the translation of
glo-RLuc mRNA purified from lysates containing EB2 (RH-EB2) or not (RH). In contrast,
the same concentration of m7GpppG cap analog had significantly less effect on mRNPs
issuing from cells containing EB2 (RH-EB2) rather than their counterparts devoid of
EB2 (RH) (Fig. 5B, panel a). It is important to note that, as described previously (50),
translation inhibition is more important for mRNAs than for mRNPs, regardless of the
presence of EB2. These results suggested that EB2-containing mRNPs are, to a certain
extent, protected from m7GpppG cap analog inhibition. These results were confirmed
by the use of the alternative translation initiation inhibitors hippuristanol (Fig. 5B, panel
b) and FMDV L protease (Fig. 5B, panel c), which gave similar results. It should be noted
(Fig. 5B, panel c) that luciferase translation from the EMCV IRES is enhanced in response
to eIF4G cleavage, as expected since it has been shown that active eIF4E functions as
a negative modulator of IRES-mediated translation by increasing competition from
capped mRNAs for the eIF4F complex (57).

Drugs inhibiting the translation elongation step affected the rate of translation of
the mRNPs containing EB2 (RH-EB2) or not (RH) to the same level (Fig. 5C), showing that
the protective effect seen in the presence of the viral protein EB2 is specific for the
initiation step. Taken together, these results demonstrate that the viral protein EB2,
loaded onto the mRNPs, has a specific positive impact on translation initiation.

DISCUSSION

The role of the EB2 protein in nuclear export of unspliced mRNAs has been
extensively studied (9, 11, 13–15, 18, 52, 53, 58, 59) and its effect on translation
demonstrated (29), although the mechanism involved in the latter process has not
been identified. We previously showed that EB2 interacts with intronless mRNAs and
facilitates their accumulation in the cytoplasm, where EB2 is found associated with
polysomes (18, 29). Here, we show that EB2 interacts with the nuclear cap-binding
complex (CBC) and is present in the cytoplasm in a complex formed between the eIF4F
cap-binding complex and PABP. This association appears to protect translation initia-
tion from several inhibitors, such as the L protease, which cleaves the eIF4G protein,
hippuristanol, which specifically inhibits eIF4A, and the cap analog, which titrates eIF4E
and thus prevents its association with the capped mRNA. The effect of EB2 is specific
for translation initiation, since the presence of the viral protein had no protective effect
against treatments with either puromycin, which causes premature chain termination
during translation, or cycloheximide, which exerts its effect by interfering with the
translocation step in protein synthesis, thereby blocking translational elongation.

In an attempt to understand how EB2 stimulates mRNA translation, we first identi-
fied PABP by coimmunoprecipitation of EB2-associated partners and mass spectrome-
try analysis. PABP is known to enhance the recruitment of the small ribosomal subunit
through its interaction with the eIF4G-eIF4E complex (40). The results of GST pulldown
assays using purified and in vitro-translated proteins suggest that the interaction
between EB2 and PABP is direct. In addition, we also found an interaction between EB2

FIG 5 Legend (Continued)
(m7GpppG) (panel a), 10 �M hippuristanol (panel b), or 0.2 �l of RRL expressing L protease (panel c). The efficiency of cleavage of eIF4G by the L protease in
both the RH and RH-EB2 lysates was verified by Western blotting (bottom panel). (C) Luciferase activity from mRNP associated with the ribosome pellet prepared
from HeLa cells transfected with 6 �g or 0.5 �g of glo-RLuc expression vector, respectively, without (RH) or with (RH-EB2) an expression vector for EB2.
Translation was carried out for 30 min in the hybrid system in the presence of different concentrations of puromycin (panel a) or cycloheximide (panel b). The
results are expressed relative to the control, which was set to 100%, and they are presented as mean � SD from three independent experiments (n � 3). *,
P � 0.05; **, P � 0.01 (two-tailed paired t test).
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and eIF4G, both in a coimmunoprecipitation assay and in a GST pulldown assay.
Although both interactions appear to be mostly resistant to RNase treatment, we
observed a slight decrease in the amount of coimmunoprecipitated proteins in the
assay using HeLa cell extracts. It is thus possible that the presence of RNA stabilizes
these interactions. RNA-protein interactions may modify the conformation of one of the
proteins involved in the complex and hence stabilize the complex. Noticeably, the
interaction observed between EB2 and eIF4G in the GST pulldown assay appears to be
less efficient than that between EB2 and PABP, whereas both eIF4G and PABP appear
to be very efficiently coimmunoprecipitated with EB2 from HeLa cell extracts. This
suggests that PABP could stabilize the interaction between EB2 and eIF4G. In a recent
publication, Smith et al. have reported an interaction between ICP27, the EB2 homol-
ogous protein from HSV-1, and PABP (28). Moreover, they have shown that although
eIF4G and ICP27 do not seem to interact directly, eIF4G associates with ICP27 in the
presence of PABP. Thus, both EB2 and ICP27 appear to associate with a PABP-eIF4G
complex to enhance translation initiation.

Although viruses encode numerous proteins with a wide variety of functions, they
remain completely dependent on the host cell translational machinery to synthesize
viral polypeptides essential for their replication and propagation. Consequently, since
viruses utilize host ribosomes to translate their mRNAs, they use different strategies to
promote viral mRNA translation and to diminish cellular mRNA translation (60). Al-
though nearly every step of the translation process can be targeted by virally encoded
functions, viruses mostly target the initial step. Many RNA viruses, in particular picor-
naviruses, induce host translation shutoff by targeting eukaryotic initiation factors.
For example, the L protease of FMDV cleaves eIF4G, and the poliovirus-encoded 3C
protease cleaves PABP. In order to maintain viral mRNA translation after these proteo-
lytic events, viral mRNAs possess a cis-regulatory element called the internal ribosome
entry site (IRES) that allows their cap-independent translation initiation (61).

We show that in the case of DNA viruses such as herpesviruses, the strategy to
ensure efficient translation of viral mRNAs during the productive cycle is different. Most
viral mRNAs are produced from intronless genes. However, it is now clear that cellular
pre-mRNA splicing and export factors are important modulators of spliced mRNA
translation (7, 47). Consequently, all herpesviruses encode an RNA-binding protein (EB2,
ICP27, ORF57, or UL69) that rescues viral intronless mRNAs for nuclear export and
translation (13, 16, 62–64). All these factors are able to shuttle between the nucleus and
the cytoplasm, where they localize within polysomes and enhance translation of their
target mRNAs. However, the means by which they stimulate translation differ: ORF57
interacts with PYM to enhance the recruitment of the 40S ribosomal subunit (24), and
UL69 interacts with both the RNA helicase eIF4A and PABP (25). Here, we show that EB2
interacts with the cap-binding complexes (CBC in the nucleus and eIF4F in the
cytoplasm) and PABP to stabilize the capped structure of the mRNA. Interestingly, the
same type of mechanism has recently been proposed for ICP27 (28), suggesting that
these two particular viral proteins target the PABP-eIF4G complex to enhance transla-
tion initiation from intronless viral mRNAs. Since EB2 is also able to interact with the
nuclear cap-binding complex, we can speculate that the nuclear loading of EB2 onto
the target mRNA is required in order to facilitate the subsequent recruitment of PABP
onto the cytoplasmic eIF4F cap-binding complex.

In contrast to ORF57 from KSHV, which is able to enhance translation of a viral
intronless mRNA in vitro in a rabbit reticulocyte lysate (24), EB2 has no effect in this
system. However, by using a new hybrid system to translate mRNPs in vitro (51), we
have been able to show that EB2 needs to be loaded onto the mRNPs in the cell nucleus
to exert a stimulatory effect on translation.

Taken together, these results have prompted us to propose a model (Fig. 6) in which
the EB2 protein is first loaded onto the nascent mRNPs during transcription via an
interaction with CBC. EB2 then promotes nuclear mRNP export through interaction with
NXF1 (14). Finally, EB2 remains associated with the cytoplasmic mRNPs, probably through
a transfer from CBC to eIF4G and PABP. Consequently, the translation initiation complex
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would be more stably associated with the mRNPs, leading to translation stimulation. The
direct interactions mapped between eIF4G, PABP, and the C-terminal region of EB2 could
render EB2-associated mRNPs less sensitive to translation initiation inhibitors.

From a dynamic point of view, mRNPs are remodeled extensively following their
synthesis in the nucleus to their decay in the cytoplasm, and the impact of mRNP
composition on translation is difficult to access. It has been demonstrated that pre-
mRNA splicing enhances mRNA translation through the deposition of the EJC complex,
but the mechanisms are not fully understood (47). In a previous study we have shown
a similar effect in vitro in the hybrid system, in which we observed that spliced
transcripts were more efficiently translated than their unspliced counterparts (51). In
this study, we show that EB2-associated mRNPs are more efficiently translated in vitro.
This is a prime example that nuclear events that modify mRNP composition can
strongly influence their translation efficiency.

MATERIALS AND METHODS
DNA constructs and in vitro transcription. pcDNA-RLuc, pCMV-EB1, pCI-Flag-EB2, pGEX-EB2,

pGEX-EB2Nter, pGEX-EB2Cter, pGEX-eIF4GNter pGEX-eIF4Gp100, and pGEX-PABP have been described
previously (15, 17, 29, 65) as, have EMCV-RLuc and HCV-RLuc (50). The pBMRF1-RLuc and pBDLF1-RLuc
constructs were generated by cloning a PCR fragment containing the BMRF1 and the BDLF1 viral
promoters, respectively, in the pcDNA-RLuc expression vector digested by NruI and BamHI. mRNA was
synthesized in vitro by using 1 �g of linear DNA template, 20 U of T7 RNA polymerase (Promega), 1.6 mM
each ribonucleoside triphosphate (except for rGTP used at 0.32 mM), and 1.28 mM m7GpppG cap analog
(New England BioLabs) in transcription buffer (40 mM Tris-HCl [pH 7.9], 6 mM MgCl2, 10 mM NaCl, 3 mM
dithiothreitol [DTT], 2 mM spermidine), and RNasin (Promega). Transcription reactions were carried out
at 37°C for 2 h and the mRNA precipitated with 2.5 M ammonium acetate after 1 h of treatment with 1
U of RQ1 DNase (Promega). The mRNA pellet was then resuspended in 30 �l RNase-free water and the
mRNA concentration determined by absorbance using NanoDrop technology. mRNA integrity was
checked by electrophoresis on nondenaturing 1% agarose gels.

Cell culture and transfection. HeLa and HEK293BMLF1-KO (11) cells were grown at 37°C in Dulbecco
modified Eagle medium (DMEM) supplemented with 10% fetal calf serum and 1% penicillin-streptomycin
plus 100 �g/ml hygromycin B in the case of HEK293BMLF1-KO. Plasmid transfections were performed using
cationic polymers (JetPEI from Polyplus Transfection) as specified by the manufacturer. Cells were
collected at 24 or 48 h after DNA transfection for further analysis.
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FIG 6 Model for translation initiation of EB2-associated mRNPs. EB2 protein is loaded onto the mRNP
during the nuclear steps through its interaction with the CBC. In the cytoplasm, EB2 stabilizes the
interaction between eIF4G and PABP and hence contributes to the stabilization of the closed-loop mRNA
organization by binding both proteins via its C-terminal domain.
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HeLa cell ribosomal fraction isolation and ribosome depletion from reticulocyte lysates. The
detailed method has previously been described (51). Briefly, HeLa cells were pelleted by centrifugation
at 1,000 � g for 5 min, resuspended in the same volume of hypotonic cell lysis buffer R [10 mM HEPES,
10 mM CH3CO2K, 1 mM (CH3CO2)2Mg, and 1 mM DTT] and lysed using a Potter-Elvehjem homogenizer.
Cell lysates were centrifuged at 16,000 � g for 10 min to yield the S10 supernatant extract. Three
hundred microliters of each S10 preparation was centrifuged through a 1-ml sucrose cushion for 2 h 15
min at 240,000 � g. The resulting pellets were gently rinsed once in buffer R and resuspended in R2
buffer (20 mM HEPES, 10 mM NaCl, 25 mM KCl, 1.1 mM MgCl2, and 7 mM �-mercaptoethanol). The
resuspended solutions were quantified by reading the absorbance at 260 nm. Bradford quantification
was also performed to estimate the ribosomal fraction concentration before storage at �80°C.

In parallel, untreated rabbit reticulocyte lysate (uRRL) (Promega) preparation was performed as
previously described (66). After centrifugation of 1 ml of uRRL for 2 h 15 min at 240,000 � g, 900 �l of
postribosomal supernatant (Su) was collected, frozen, and stored at �80°C. The extent of ribosome
depletion was measured by translating 27 nM in vitro-transcribed, capped, and polyadenylated glo-RLuc
mRNA in the Su and validated when no luciferase activity over background level could be detected.

RNA extraction and RT-qPCR. One milliliter of TRIzol reagent (Life Technologies) was added to 100
�g of pelleted ribosomes, and RNA was extracted as indicated by the manufacturer. Extracted cytoplas-
mic RNA (1 �g) was treated with RQ1 DNase (Promega) before being reversed transcribed using the High
Capacity RNA-to-cDNA master mix (Life Technologies). Quantitative PCR (qPCR) was then performed as
described previously (29) using endogenous glyceraldehyde 3-phosphate dehydrogenase (GAPDH) mRNA as
an internal control for relative quantification. Absolute quantification of mRNA was obtained by performing
reverse transcription-quantitative PCR (RT-qPCR) on in vitro-transcribed Renilla luciferase mRNA with amounts
ranging from 1 pg to 1 ng. The relative copy number of Renilla luciferase cDNA was compared to that of
GAPDH cDNA, using x�ΔCT (where x corresponds to the experimentally calculated amplification efficiency of
each primer couple). The sequences of the primers used have been described previously (18, 29).

In vitro translation assays. The hybrid system was generated either with a combination of 5 �l of
Su and 1 �g of pelleted ribosomes purified from cells, as previously described (50), or with mRNA which
had been extracted from 1 �g of pelleted ribosomes. For the experiments with the results shown in Fig.
5B (left panel), translation reactions were performed using in vitro-transcribed RNA at 2.7 nM in a final
volume of 10 �l of the hybrid system (5 �l of Su mixed with 1 �g of pelleted ribosomes) supplemented
with 75 mM KCl, 0.75 mM MgCl2, and a 20 �M amino acid mix. In all in vitro translation assays, in order
to ensure that Renilla activity detected in vitro from de novo translation was not biased by contaminating
luciferase protein which could have been carried over during polysome purification, we performed the
same experiments using a fraction of the purified ribosomes in the presence of the translation inhibitor
cycloheximide (100 �M). This set the baseline for luciferase activity, which could then be subtracted from
total Renilla activity. All translation reactions were performed for 30 min at 30°C before the reaction was
stopped by the addition of Renilla lysis buffer (Promega).

Renilla activity. Renilla activity was measured using the Renilla luciferase assay system (Promega) in
a Mithras apparatus (Berthold Technologies) with 50 �l substrate injection and 10 s of signal integration
program.

Coimmunoprecipitation and Western blotting. HeLa cells were transfected in 100-mm plates with
0.5 �g of pCI-Flag-EB2 vector as indicated above. Transfected cells were lysed in 400 �l of hypotonic lysis
buffer (10 mM Tris-HCl [pH 7.5], 10 mM NaCl, 10 mM EDTA, 0.5% Triton X-100) and protease inhibitors
(complete EDTA-free cocktail; Roche). After 10 min on ice, NaCl was adjusted to 150 mM and the lysate
cleared by centrifugation at 10,000 � g for 10 min at 4°C. The supernatant was incubated with 30 �l of
anti-Flag M2 affinity gel (Sigma-Aldrich) for 4 h at 4°C. RNase treatment was performed by adding 2 �l
of RNase A (10 mg/ml) to the incubation mixture when indicated. Recovered complexes were washed
extensively with NET-2 buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.05% NP-40) and resuspended in
Laemmli SDS loading buffer. Immunopurified proteins were then analyzed by Western blotting using
anti-Flag (Sigma-Aldrich), anti-PABPC1 (Sigma-Aldrich), anti-eIF4A (Cell Signaling Technology), anti-
eIF4GI, anti-eIF4B, and anti-eIF4E (kindly provided by Simon Morley, University of Sussex, UK), anti-eIF2�

(Cell Signaling Technology), anti-eIF3 (kindly provided by Pierre Jalinot, LBMC-ENS de Lyon, France),
anti-rpS6 (Cell Signaling Technology), anti-BMRF1 (Cell Signaling Technology), anti-rpL11 (Cell Signaling
Technology), anti-NXF1, and anti-CBP80 (kindly provided by Elisa Izaurralde, Max Planck Institute for
Developmental Biology, Germany).

m7GTP cap affinity matrix. Cytoplasmic extracts from HeLa cells (100 �g of total protein) previously
treated with S7 nuclease (Roche) were incubated for 10 min at 37°C in cap binding buffer (50 mM Tris-HCl
[pH 7.5], 30 mM NaCl, 1 mM DTT, 2.5 mM MgCl2, 0.5% glycerol) in the absence or presence of 5 mM
m7GpppG cap analog (New England BioLabs) as a control. Extracts were incubated overnight at 4°C with
20 �l of m7GTP-Sepharose 4B (GE Healthcare Life Sciences) under gentle shaking. Sepharose beads were
washed three times with cap washing buffer (50 mM HEPES [pH 7.5], 40 mM NaCl, 2 mM EDTA, 0.1%
Triton), and then bound proteins were eluted by boiling in Laemmli SDS loading buffer and analyzed by
Western blotting as indicated above.

In vitro GST pulldown assays. GST and GST fusion proteins were expressed in Escherichia coli
BL21(DE3) and bound to glutathione-Sepharose 4 Fast Flow beads (GE Healthcare Life Sciences). Beads
carrying GST or the GST fusion proteins were equilibrated in TNTB buffer (10 mM Tris-HCl [pH 8], 250 mM
NaCl, 0.1% NP-40, and 2 mg/ml bovine serum albumin [BSA]) in the presence of protease inhibitors
(complete EDTA-free cocktail; Roche) and incubated with radiolabeled proteins synthesized in vitro in the
presence of [35S]methionine using the TNT-coupled transcription/translation system (Promega) in TNTB
buffer for 4 h at 4°C. RNase treatment was performed by adding 2 �l of RNase A (10 mg/ml) in the
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incubation reaction mixture when indicated. Beads were washed five times in TNTB buffer without BSA,
and bound proteins were fractionated by SDS-PAGE and analyzed by autoradiography on a Fuji FLA-5100
phosphorimager.

Mass spectrometric (MS) identification of EB2-associated proteins. HEK293BMLF1-KO cells were
transfected with pCMV-EB1 (in order to activate the EBV productive cycle) and pCI-Flag-EB2. At 48 h after
transfection, cells (around 75 � 106) were washed with phosphate-buffered saline (PBS), recovered by
centrifugation at 500 � g and 4°C, and lysed in 4 ml hypotonic lysis buffer (20 mM Tris-HCl [pH 7.5], 15
mM NaCl, 10 mM EDTA, 0.5% NP-40, 0.1% Triton X-100) and protease inhibitors (complete EDTA-free
cocktail; Roche) for 10 min on ice. NaCl was adjusted to 150 mM and the lysate cleared by centrifugation
at 10,000 � g for 10 min at 4°C. The cleared lysate was diluted to 10 ml in the above-described lysis buffer
with 150 mM NaCl. The diluted lysate was incubated for 4 h at 4°C with 500 �l of anti-Flag M2 affinity
gel (Sigma-Aldrich) prewashed twice with isotonic wash buffer (20 mM Tris-HCl [pH 7.5], 150 mM NaCl,
0.1% NP-40) and 2 mg/ml BSA. Protein complexes captured on beads were washed six times with ice-cold
NET-2 buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 0.05% NP-40) and then incubated 10 min at room
temperature with RNase A at a final concentration of 200 �g/ml. Flag epitope-containing complexes
were affinity eluted from the beads in one volume of isotonic wash buffer containing 150 �g/ml 3� Flag
peptide (Sigma-Aldrich). The eluate was diluted in 10 ml hypotonic lysis buffer with 150 mM NaCl and
incubated with rabbit polyclonal anti-EB2 antibody that was precoupled to 50 �l of PureProteome
protein A/G Mix magnetic beads (Millipore), according to the manufacturer’s instructions. Immunopre-
cipitation was carried out at 4°C for 4 h. Captured protein complexes were sequentially washed six times
with ice-cold NET-2 buffer and twice with ice-cold 10 mM Tris-HCl (pH 7.5) buffer. Samples were
completely dried by vacuum evaporation and resuspended in 15 �l of 0.1% SDS and 10 mM DTT.
Samples were heated at 95°C for 5 min to denature proteins and reduce disulfides and then cooled down
to room temperature. The reduced thiol groups were alkylated by incubating with 0.8 �l of freshly
prepared 1 M iodoacetamide at room temperature for 45 min in the dark. The resulting samples were
mixed with 15.8 �l of 2� Laemmli SDS loading buffer (Bio-Rad) and loaded onto a 4 to 15% Mini-Protean
TGX gel (Bio-Rad). Samples were migrated until the dye-front had run �1 cm into the gel from the
bottom of the well. The gel was washed three times with �200 ml high-pressure liquid chromatography
(HPLC)-grade water for 5 min each and stained with the Thermo Scientific Pierce silver stain kit as
indicated by the manufacturer.

MS analyses. Each well from the SDS-PAGE gels was cut into four bands. Each band was reduced
with 10 mM dithiothreitol (DTT) for 45 min at 60°C, alkylated with 100 mM iodoacetamide for 30 min at
room temperature, and digested overnight at 37°C with sequencing-grade trypsin (Promega) at a 1:20
trypsin/protein mass ratio.

Peptide sequences were determined by mass spectrometry performed using an LTQ Velos instru-
ment (dual-pressure linear ion trap) equipped with a nanospray source (Thermo Fisher Scientific) and
coupled to a U3000 nano-liquid chromatography (nanoLC) system (Thermo Fisher Scientific). An MS
survey scan was acquired over the m/z range 400 to 1,600 in enhanced-resolution mode. The MS/MS
scans were acquired in normal resolution mode over a dynamic m/z range for the 20 most intense
MS ions with a charge of 2 or more and with a collision energy set to 35 eV. The spectra were recorded
using dynamic exclusion of previously analyzed ions for 0.5 min with 50 millimass units (mmu) of mass
tolerance. Peptide separation was made on a C18 PepMapmicro precolumn (5 �m; 100 Å; 300 �m by 5
mm; Dionex) and a C18 PepMap nanocolumn (3 �m; 100 Å; 75 �m by 200 mm; Dionex) using a linear
90-min gradient from 0 to 40% of solvent B, where solvent A was 0.1% HCOOH in H2O-CH3CN (95:5) and
solvent B was 0.1% HCOOH in H2O-CH3CN (20:80), at a 300-nl/min flow rate.

Protein identification was performed using the MASCOT 2.4.1 algorithm through the Proteome
Discoverer software v1.4 (Thermo Fisher Scientific) against the Swiss-Prot database (release 2014_11). The
mass spectrometry proteomic data have been deposited to the ProteomeXchange Consortium (http://
proteomecentral.proteomexchange.org/) via the PRIDE partner repository (67).
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